Current Medicinal Chemistry, 2014, 21, 2401-2409 



2401 



Atrial Natriuretic Peptide: A Magic Bullet for Cancer Therapy Targeting 
Wnt Signaling and Cellular pH Regulators 

A. Serafino* and P. Pierimarchi 



Institute of Translational Pharmacology - National Research Council of Italy, Via Fosso del Cavaliere 100, 00133, 
Rome, Italy 

Abstract: Atrial natriuretic peptide (ANP) is a cardiac hormone playing a crucial role in cardiovascular homeostasis 
mainly through blood volume and pressure regulation. In the last years, the new property ascribed to ANP of inhibiting 
tumor growth both in vitro and in vivo has made this peptide an attractive candidate for anticancer therapy. The molecular 
mechEinism underlying the anti-proliferative effect of ANP has been mEiinly related to its interaction with the specific re- 
ceptors NPRs, through which this natriuretic hormone inhibits some metabolic targets critical for cancer development, in- 
cluding the Ras-MEKl/2-ERKl/2 kinase cascade, functioning as a multikinase inhibitor. In this review we summarize the 
current knowledge on this topic, focusing on our recent data demonstrating that the antitumor activity of this natriuretic 
hormone is also mediated by a concomitant effect on the Wnt/|3-catenin pathway and on the pH regulation ability of can- 
cer cells, through a Frizzled-related mechanism. This peculiarity of simultaneously targeting two processes crucial for 
neoplastic transformation and soUd tumor survival reinforces the utility of ANP for the development of both preventive 
and therapeutic strategies. 

Keywords: Antitumor effect, atrial natriuretic peptide, cardiac hormones, corin, frizzled, mechanism(s) of action, NHE-1 inhi- 
bition, pH regulators, target therapy, tumor microenvironmental pH, Wnt pathway. 



INTRODUCTION 

Atrial natriuretic peptide (ANP) is a 28aa peptide that be- 
longs to a family of cardiac and vascular-derived hormones 
playing a crucial role in cardiovascular homeostasis mainly 
through blood volume and pressure regulation [1, 2]. Besides 
its role in cardiovascular homeostasis, in the last years a new 
property of ANP has been discovered, namely, its ability of 
inhibiting tumor growth both in vitro and in vivo [3-9]. For 
this property, this hormone peptide has been proposed as 
attractive candidate for innovative anticancer therapy [10, 
11]. The anti-proliferative efficacy of ANP has been exten- 
sively demonstrated on human pancreatic adenocarcinoma, 
as well as on human breast, prostate, colon, renal, ovarian, 
small cell and squamous cell lung cancers and on other tu- 
mors [3-9]. Until now the molecular mechanism underlying 
the anti-proliferative effect of ANP is not yet completely 
understood, even if many modalities of action have been 
proposed. This review aims to summarize the current knowl- 
edge on this topic, focusing on recent data sustaining that 
this natriuretic hormone targets the Wnt/fi-catenin pathway 
and the pH regulation ability of cancer cells, two process 
crucial for solid tumor survival. 

ANP MATURATION: THE ROLE OF CORIN 

ANP is stored, as pro-peptide, in cytoplasmic dense 
granules of cardiomyocytes and is released into the blood 
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stream upon atrial stretch resulting from elevated blood pres- 
sure, thus decreasing pressure overload and reducing cardiac 
hypertrophy [1, 2]. Like most of signaling molecules, ANP is 
synthesized as acid inactive precursor (pro-ANP), that con- 
tains other three natriuretic peptides, the long-acting natri- 
uretic peptide (LANP), the vessel dilator (VSDL), and the 
kaUuretic peptide (KP) [12] (Fig. lA). ANP is secreted from 
cardiomyocytes and proteolytically cleaved by the mem- 
brane-associated protease Corin, that converts it to the ma- 
ture active peptide [13, 14] (Fig. IB and C). Corin mRNA 
and protein, that are highly expressed in cardiomyocytes [15, 
16], have been also detected in cancer cell derived from os- 
teosarcoma, leiomyosarcoma, endometrial carcinoma, and 
small cell lung cancer [15, 17]. The extracellular region of 
Corin, which contains the structural domains essential for 
pro-ANP processing [13], includes two Frizzled-like cys- 
teine-rich domains (Fzl and Fz2), which are members of the 
transmembrane receptor for Wnt signaling proteins [18] (Fig. 
IC). As demonstrated by Knappe et at. [13] Frizzled 1 do- 
main and LDLR repeats 1-4 are important structural ele- 
ments through which Corin recognizes its physiological sub- 
strate, pro-ANP (Fig. IC). In particular, Fzl domain is in- 
volved in the interaction of Corin with pro-ANP. These 
Authors proposed that, upon release from the dense granules 
of cardiomyocytes, pro-ANP binds to Fzl and LDLR repeats 
1-4, is cleaved by the catalytic domain and releases the ma- 
ture and biologically active ANP (Fig. IC). 

MECHANISM(S) OF ACTION OF ANP: SPECIFIC 
RECEPTORS AND METABOLIC TARGETS 

ANP exerts its antitumor effect by significantly inhibiting 
DNA synthesis but not by inducing apoptosis [3] . It has been 

© 2014 Bentham Science Publishers 



2402 Current Medicinal Chemistry, 2014, Vol. 21, No. 21 



Serafino and Pierimarchi 



B 



Signal peptide 
processing 

in Endoplasmic 
Reticulum 



Processing of pro-ANP 



PreproANP (ISlaal 
i 



LOL receptor repeats 

_JL —L 



Tansmembral 
domain 



Trypsin-like 
protease 
domain 

TM Fi I LWR \ fl I lOLR \ SR i Proteaw 

I J ,tL Scanl^n| 
Frizzled-like 

domains 



Signal 
peptidase 



Scanvenger 

Receptor 
domain 



ProANP (126aa) 

^ 



Signal 
peptide 



Sp 



Storing 

in Cardiomyocyte 
granules 



ProANP/Corin interaction 
and ANP release 



ProANP 
Convertase (CORIN) 



N-terminal peptide 



Cell membrane; 
Intra- and 
extracellular 
release 



lANP VSDL 



0 H 




aal-30 aaJl S? 68/78 79 5 



cell membrane 











Fig. (1). Processing of pro-ANP (A), Corin structure and proANP/Corin interaction (B, C). A. ANP is originally synthesized as a 151- 
amino acids prepropeptide; after removal of signal peptide (Sp) by signal peptidase in the endoplasmic reticulum, pro-ANP is store in atrial 
cardiomyocyte granules. On stimulation, the pro-hormone is proteolytically cleaved at the cell membrane by the convertase Corin, that gives 
rise to the mature ANP (COOH-terminal) and an NH2-terminal propeptide from which the other three natriuretic hormones LANP, VSDL 
and KP derive. [Adapted from 12] B. The membrane-associated protease Corin has a transmembrane domain (TM), two Frizzled-like cys- 
teine-rich domains (Fzl and Fz2), eight LDL receptor repeats (LDLR), a scavenger receptor domain (SR) and a protease catalytic domain 
with the three amino acids His (H), Asp (D), and Ser (S) in the active site. C. As proposed by Knappe et al. [13], upon release from the dense 
granules of cardiomyocytes, pro-ANP (solid black line) binds to Fzl and LDLR repeats 1-4 and is cleaved by the catalytic domain, releasing 
the mature and biologically active ANP [Adapted from 13]. 



recently demonstrated, for prostate, lung, and kidney cells, 
that ANP - as well as the other three pro-ANP-derived pep- 
tides - exerts its cytotoxic effect exclusively on cancer cells 
sparing cells derived from healthy individuals [19]. IVIost of 
the molecular mechanisms proposed for the anti-proliferative 
effect of ANP and the other heart hormones LANP, VSDL 
and KP, have been resumed in a recent review by Vesely 
[11]. A potential interaction between ANP and its specific 
receptors NPR-A, NPR-B and NPR-C, which are expressed 
at different levels on tumor cells [3-9, 20] has been pro- 
posed. After binding to their respective receptors on the tu- 
mor cells, all the four natriuretic peptides inhibit some meta- 
bolic targets including the GTPase RAS [21], the MEKl/2 
kinase [22] and the extracellular signal-regulated kinase 
(ERK) 1/2 [23]. In addition to its ability of inhibiting the 
Ras-MEKl/2-ERKl/2 kinase cascade, functioning as a 
multikinase inhibitor, it has been recently reported that ANP 
(as well as the other three natriuretic hormones) is able to 
decrease, in tumor cells, the levels of vascular endothelial 
growth factor (VEGF) and its main receptor VEGFR2 [24], 
and of the Signal Transducer and Activator of Transcription 
3 (STAT 3)[25], that are three molecular targets useful for 
cancer therapy [26-28]. Moreover, owing the observed local- 
ization of ANP in the nuclear compartment of human pan- 
creatic adenocarcinoma cells, a direct interaction of the pep- 
tide with growth-promoting hormones in the nucleus has 
been hypothesized [29]. 



INNOVATIVE TARGETS FOR ANTITUMOR ACTIV- 
ITY OF ANP 

Besides the above mentioned modalities of action corre- 
lated to the interaction of ANP with the specific receptors 
NPRs, it has been recently demonstrated in our laboratory 
that the antitumor activity of this natriuretic hormone is me- 
diated by a simultaneous effect on the Wnt/p-catenin path- 
way and on the pH regulation ability of colorectal cancer 
cells [30], through a Frizzled-related mechanism. This inno- 
vative aspect of ANP anticancer efficacy, is partially sus- 
tained by the results obtained by Vesely and collaborators, 
that demonstrated its effect on some components of the Wnt 
signaHng [31]. 

The Wnt/p-catenin Signaling Pathway in Cancer Cells 

In the last years, great attention has been given to some 
signaling pathways which deregulation or constitutive acti- 
vation have been demonstrated to have a role in cancer in- 
surgence and progression. These pathways could be of inter- 
est for therapeutic perspectives, because targeting them may 
contribute to prevent tumorigenesis or achieve tumor rever- 
sion. In particular, numerous studies demonstrated the key 
role of deregulation or constitutive activation of the Wnt 
signaling pathway in the initiation and progression of differ- 
ent forms of human cancer [32, 33]. Hence, several molecu- 
lar components in the Wnt signaling pathway have been pro- 
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posed as novel targets for cancer therapy [33-35]. As sche- 
matized in (Fig. 2), in non-transformed cells, P-catenin, the 
most important mediators of the Wnt signaling [33, 34], ex- 
ists in a cadherin-bound form that regulates cell-cell adhe- 
sion, and the (3-catenin excess, not segregated by E-cadherin 
on the cell membrane, is rapidly phosphorylated by glycogen 
synthetase kinase-3|3 (GSK-3(3) in the adenomatous poly- 
posis coli (APC)/axin/GSK-3p destruction complex and is 
subsequently degraded by the ubiquitin-proteosome path- 
way. Conversely, in tumor cells, Wnt ligands, such as Wnt3a 
and Wntl, interact with members of the Frizzled (Fz) family 
of serpentine receptors and with LRP5 or LRP6 co-receptors. 
The binding of Wnts to Fz leads to activation and membrane 
recruitment of the phosphoprotein Dishevelled (DSH). Acti- 
vated DSH inhibits the destruction complex, by recruiting 
axin at the plasma membrane and inducing the Akt-mediated 
inactivation of GSK-3[3 via Ser^ phosphorylation [36], and 
causes p-catenin stabilization and cytosolic accumulation. 
Stabilized p-catenin enters the nucleus, where it acts as a 
co-activator for TCF/LEF-mediated transcription and ulti- 
mately modulates cell proliferation, survival and differentia- 
tion. Inactivating mutations of APC or stabilizing mutations 
of P-catenin, leading to constitutive activation of the Wnt/B- 
cat pathway, have been recovered in various cancers [32, 33, 
37]. 

ANP Affects the Wnt/p-catenin Signaling Cascade 

The presence in the extracellular region of Corin of the 
Frizzled-like cysteine-rich domains Fzl and Fz2, involved in 
the interaction of Corin with pro-ANP (Fig. IC), supports 
the hypothesis that ANP affects directly or indirectly the Wnt 
signaling cascade. We have recently demonstrated that ANP 
exerts its anti-proliferative activity by inhibiting the Wnt/6- 
catenin signaling cascade in rat and human colorectal cancer 
cells that exhibit the constitutive activation of the canonic 
Wnt pathway [30]. Specifically, we demonstrated that ANP 
i) induces a redistribution of P-catenin from nuclear and cy- 
toplasmic compartments to cell-cell junctions, ii) stimulates 
the degradation of stabiUzed p-catenin at the destruction 
complex and iii) affects the transcription of some Wnt path- 
way target genes including c-Myc, Cyclin Dl and E- 
cadherin. We also showed that the ANP-induced decrease of 
P-catenin in the nuclear compartment was preceded by an 
early translocation of the onco-suppressor APC to the nu- 
cleus, and that APC and P-catenin co-localized firstly in the 
nucleus and subsequently in cytoplasm [30]. This strongly 
suggested that, under ANP action, APC might participate in 
the P-catenin nuclear export toward the cytoplasmic "de- 
struction complex", through its described shuttling function 
[38]. 

The ANP-induced effect on the Wnt/p-catenin signaling 
seems to involve a Frizzled receptor-mediated mechanism 
relying on a Wnt receptor/ANP direct interaction. This is 
supported by the co-localization of ANP and the Frizzled 
receptor observed on membrane of treated cells as well as by 
the evidences demonstrating the ability of ANP and Wntl a 
in competing and displacing each other from the binding 
receptor [30]. Our results were sustained by data obtained by 
Vesely and collaborators, demonstrating that ANP and the 
other natriuretic hormones LANP, VSDL and KP are able to 
decrease the concentration of P-catenin up to 88% in human 
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pancreatic cancer cells, up to 83% in human colorectal ade- 
nocarcinoma cells, and up to 73% in human renal adenocar- 
cinoma cells [31]. The same Authors also reported that, in 
pancreatic, colorectal and renal cancer cells, all the four car- 
diac hormones reduce the concentration of the Wnt pathway 
activator WNT-3a [31] and decrease the levels of the Se- 
creted Frizzled-related protein-3 (sFRP-3) [39], a secreted 
glycoprotein that affects Wnt signaling and that has been 
linked to tumor promotion in different types of cancers [40]. 

Cellular pH Regulators and Cancer 

There is growing evidence sustaining the role of tumor 
cell microenvironment in cancer progression and sensitivity 
to chemotherapy. In particular, acidic tumor microenviron- 
ment has been reported to have a role in cancer cell prolifera- 
tion [41], invasion and metastatization [42, 43] and in resis- 
tance to chemotherapy and radiotherapy [44, 45]. In growing 
tumor, continued cell proliferation leads to extracellular 
acidification due to a multitude of factors including poor 
blood perfusion, low oxygen availability, increased metabo- 
lism of glucose and production of metabolic acids, such as 
lactic acid [46, 47] (Fig. 3A). Extracellular acidosis has the 
properties to enhance tumor invasiveness, by the degradation 
of the extracellular matrix [48], and to reduce immune sur- 
veillance, by inhibiting the activity of natural killer (NK) 
cells [49] and the cytolytic activity of cytotoxic T lympho- 
cytes [50]. Thus, preservation of extracellular acidosis is 
crucial for tumor progression and malignancy. Cancer cells 
survive and adapt to extracellular acidic stress by over- 
expressing on cell surface various pH regulator molecules, 
which avoid cytosolic accumulation of toxic ions and 
contribute to maintain a balance between the extracellular 
(pHe) and intracellular pH (pHj) (Fig. 3A). Among the pH 
regulators. Proton Pumps (PP) and Na^/H* Exchangers 
(NHE) have been recently proposed as promising molecular 
targets for cancer chemotherapy [51, 52]. PP or NHE inhibi- 
tors, by decreasing the activity of the specific pH regulators, 
cause accumulation of toxic ions in the intracellular com- 
partments that ultimately results in inhibition of tumor 
growth and metastasis, chemosensitivity and apoptosis (Fig. 
3B). 

ANP Affects the NHE-l-Regulated pHi in Cancer Cells 
Through a Frizzled Receptor-Mediated Mechanism 

One of the best described pH regulators, concurring to 
minimize changes in pHi and to maintain tumor cell viability, 
is the amiloride-sensitive Na"^/H"^ exchanger isoform 1 (NHE- 
1), a plasma membrane protein that exchanges Na"^ and 
ions according to their concentration gradients [53]. It has 
been demonstrated that cytoplasmic alkalinization, that is an 
early event in tumorigenic transformation, is driven by a 
stimulation of NHE-1, which seems to represent the only 
system able to regulate pH homeostasis in cancer extracellu- 
lar microenvironment, more acidic than normal tissues [54]. 

More than fifteen years ago, it has been reported that 
ANP is able to modify the intracellular pH by inhibiting or 
stimulating the NHE-1, depending on the cell type [55, 56]. 
In the 2005, Baldini and collaborators demonstrated that in 
HepG2 hepatoblastoma cells, ANP induced intracellular 
acidification by decreasing NHE-1 expression and 
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Fig. (2). Schematic representation of tlie Wnt/p-catenin signaling activation (top) and p-catenin and E-cadiierin distribution in nor- 
mal and transformed cells (bottom). In normal epithelial cells such as colonocytes, Wnt pathway is not activated and p-catenin (P-cat) and 
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activity [57]. These Authors suggested that the ANP effect 
on pHi was mediated by NPR-C receptors. Owing the crucial 
role of NHE-1 in maintaining the pH homeostasis and pre- 
serving survival of cancer cells (Fig. 3A), it could be possi- 
ble that a NHE-1 -dependent intracellular acidification in- 
duced by ANP in tumor cells might also mediate its anti- 
proliferative activity by acting on the Wnt signaling. Starting 
from this hypothesis, we have recently demonstrated [30] 
that ANP triggers a NHE-1 -mediated increase of the intracel- 
lular acidity in colorectal cancer cells and inhibits the Wnt/6- 
catenin signaling simultaneously. Conversely, Wntla, a Wnt 
signaling specific activator, affects the intracellular pH in an 
opposite fashion, inducing a prompt and dramatic intracellu- 
lar alkalinization. The ANP-induced effect on pHj is pre- 
vented by pre-treatment with the Frizzled ligand Wntla, used 
to saturate the specific receptor. This indicates that the NHE- 
1 -mediated increase of the intracellular acidity triggered by 
the natriuretic hormone is possibly mediated by a mechanism 
relying on a Frizzled receptor/ ANP direct interaction [30]. In 
that paper, we also reported that ANP induces a prompt de- 
crease of pAkt^^"^ - the active form of this enzyme - resulting 
in a reduction of the Akt-mediated inactivation of GSK-3(3 
via Ser' phosphorylation. The dual function of Akt in both 
inactivating phosphorylation of GSK-3[3 at Ser' [36] and 



activating phosphorylation of NHE-1 at Ser [58] suggests 
that Akt reduced activity could be a common molecular 
event underlying the ANP-induced inhibition of both Wnt/p- 
catenin signaling cascade and NHE-1 activity. Our data are 
partially confirmed by recent results obtained by Vesely and 
collaborators [59], demonstrating that ANP functions as in- 
hibitor of AKT in human colorectal, pancreatic, and renal 
cancer cells, as part of its anticancer mechanism(s) of action. 

Our recent results, provide evidence for an additional 
mechanism of ANP action that involves a cross-talk between 
the Wnt signaling cascade and the NHE-1 -regulated intracel- 
lular pH in tumor cells (Fig. 4). In neoplastic cells, Wnt sig- 
naling causes a DSH-mediated phopho-activation of Akt that 
concomitantly might inactivate GSK-3P by phosphorylation 
at Ser' and activate NHE-1 by phosphorylation at Ser**"*^, 
leading to p-catenin stabilization and intracellular alkaliniza- 
tion, respectively. Both phenomena result in increased tumor 
cell proliferation, invasion, and metastatization, as well as in 
decreased chemosensitivity. ANP, possibly acting as a Friz- 
zled ligand that antagonizes the Wnt signaling, reduces the 
DSH-mediated Akt activity. This causes two concomitant 
effects: i) the recovery of the GSK-3P activity at the "dis- 
truction complex," that leads to increase of p-catenin degra- 
dation, APC-mediated p-catenin nuclear export and 
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reduction of Wnt pathway target genes; ii) the decrease of 
NHE-1 activity, with the consequent intracellular acidifica- 
tion due to the cytosolic accumulation of toxic H"^ ions (Fig. 
4). The inhibition of Wnt signaling as well as the reduction 
of cancer cell ability to adapt to extracellular acidic stress 
hamper tumor cell proliferation and motility, restore cell-cell 
adhesion and increase chemosensitivity, ultimately leading to 
tumor reversion (Fig. 4). 

CONCLUSION AND FUTURE PERSPECTIVES 

The antitumor activity of ANP has been mainly related to 
its interaction with the specific receptors NPRs [3-9, 20], 
through which this natriuretic hormone inhibits some meta- 



bolic targets crucial for cancer development, including the 
GTPase RAS [21, 60, 61], the MEKI/2 kinases [22, 62] and 
ERK 1/2 kinases [23] (Fig. 5 and Table 1). Mitogen stimula- 
tion of RAS and ERK 1/2 as well as the VEGF receptor sig- 
naling are also inhibited by ANP [21, 24, 61, 63]. Signal 
activators of genes leading to malignancy, such as STAT3, 
and crucial molecules associated with cancer development, 
such as c-Jun-A^-terminal kinase-2 and c-Myc, are also inhib- 
ited by ANP [25,30, 64]. 

In addition to its ability to affect the Ras-MEKl/2- 
ERKl/2 kinase cascade, functioning as a multikinase inhibi- 
tor, we have recently demonstrated, for the first time, that 
Wnt signaling and the pH regulator NHE-1 are innovative 
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Table 1. List of the Main Molecular Components of Cellular Signaling Pathways Involved in the Antitumor Effect of ANP 



Molecular 
Components 


Main Cellular Signaling 


Main Role and Function 


References 


AKT 


EGF/EGFR, IGFR 
Innovative: WNT, NHE-1- 
mediated pH regulation 


Serine/threonine protein kinase involved in regulating cell survival 

(EGF/EGFR, IGFR signaling; inactivation of GSK-3P by phos- 
phorylation at Ser'; activation of NHE-1 by phosphorylation at Ser"* 


[30] Serafino etal. 2012 
[59] SkeltonefaZ.,2013 
[31] Vesely etal, 2013 (review) 


c-JUN 


VEGF/VEGFR, PDGFR 


In combination with c-FOS, forms the activator protein-1 (AP-1) 
early-response transcription factor; involved in cell proliferation and 

apoptosis. 


[OtJ Italic ei Ctl., ZUIZ 

[31] Vesely etal, 2013 (review) 


c-MYC 


EGF/EGFR, IGFR, WNT 


Encodes for a transcription factor that regulates the expression of 
many genes involved in cell proliferation; overexpression of c-MYC 
is associated with carcinogenesis. 


[30] Serafino etal. 2012 


DSH 


WNT 


Dishevelled; downstream effector of Frizzled Ugands 


[30] Serafino eta/. 2012 


ERKl/2 


VEGFA'EGFR, PDGFR 


Extracellular signal-regulated kinases that regulate cell proliferation 


[23] Sun ej a/., 2006 
[63] Sun eta/., 2007c 
[31] Vesely etal., 2013 (review) 


GSK-3P 


WNT 


Glycogen synthase kinase-3p, component of p-catenin destruction 
complex 


[30] Serafino efa/. 2012 


MEKl/2 


VEGFA'EGFR, PDGFR 


Kinases that phosphorylate mitogen-activated protein (MAP) kinase 
(MAPK) that regulate cell proliferation 


[22] Sun ef a/., 2007a 
[62] Sun e? a/., 2007b 
[31] Vesely etal, 2013 (review) 




VJiLrr/ VULrrK, FUOrK 


Functions in the MAPK/ERK signal transduction pathway 


[21] Sun ef a/., 2010 

r^m Cim r.* ^1 oor\Oo 
[ouj oun etal., zuuya 

[61] Sun era/., 2009b 


STAT 3 


RAS-MEK1/2-ERK1/2 


Signal transducers and activators of transcription; cytoplasmic tran- 
scription factor activated by ERKl/2 through phosphorylation at 
Ser'"; activated STAT3 translocate to the nucleus where regulates 
expression of malignancy-related genes; regulate cell proliferation; 
involved in chemoresistance. 


[25] lane efa/.,2012 
[31] Vesely etal., 2013 (review) 


P-catenin 


WNT 


Integral component of the WNT/p-catenin signaling 


[30] Serafino etal. 2012 
[31] Vesely etal., 2013 (review) 



targets for anticancer activity of ANP [30] (Fig. 5 and Table 
1). In p£irticul£ir, the natriuretic hormone exerts its inhibitory 
effect on cancer ceil proliferation by concomitantly influenc- 
ing the Wnt/(3-catenin pathway and NHE-1 -regulated intra- 
cellular pH. These two effects seem to be triggered through a 
Frizzled receptor-mediated mechanism and firstly driven by 
a reduced Akt activity [30, 59]. Therefore, it acts as Frizzled 
ligand antagonizing the Wnt signaling and as NHE-1 inhibi- 
tor. In the last years growing evidence sustains the roles of 
both acidic tumor microenvironment and Wnt/p-catenin 
pathway activation in cancer initiation and progression and 
several molecular components in the Wnt signaling as well 
as the pH regulators have been proposed as novel targets for 
cancer prevention and therapy. In this context, our innova- 
tive results reinforce the validity of ANP as antitumor drug 
that, for the peculiarity of simultaneously targeting two proc- 
esses crucial for neoplastic transformation and sohd tumor 
survival, might be considered as a "magic bullet" against 
cancer, useful for the development of both preventive emd 
therapeutic strategies. 
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ABBREVIATIONS 

ANP = Atrial Natriuretic Peptide 

APC = Adenomatous Polyposis Coli 
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AKT = Serme/rhreonine Protein Kinase 

P-cat - P-catenin 

CBP CREB -binding protein 

CK = Casein Kinase 

DKK = Dickkopf 

DSH = Dishevelled 

EGF - Epidermal Growth Factor 

EGFR Epidermal Growth Factor Receptor 

ERK = Extracellular Signal- Regulated Kinase 

Fz - Frizzled 

GBP = GSK3-Binding Protein 

GSK-3P = Glycogen Synthase Kinase 

IGFR = Insulin Growth Factor Receptor 

KP = Kaliuretic Peptide 

LANP = Long-Acting Natriuretic Peptide 

LDLR - LDL Receptor Repeats 

LEF Lymphoid enhancer-binding factor 

LRP - LDL Receptor-Related Protein 

MEK - Mitogen- Activated Protein Kinase 

NHE-1 - Sodium/Proton Exchanger Isoform 1 

NPRs = Natriuretic Peptide Receptors 

PP = Proton Pump 

RAS = Rat Sarcoma Bound Guanosine Triphos- 
phate 

SR - Scavenger Receptor 

STAT 3 = Signal Transducer and Activator of Tran- 
scription 3 

TCF = T-cell factor 

VEGF - Vascular Endothelial Growth Factor 

VEGFR = VEGF Receptor 

VSDL = Vessel Dilator 
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